Kit and its ligand stem cell factor (SCF) play a fundamental role in hematopoiesis, melanogenesis and gametogenesis. Homozygous W v mutant mice with a mutation in kit show abnormalities in these cell lineages. Fas is a member of the death receptor family inducing apoptosis. In this study, we generated double-mutant mice (W v 
Introduction
Kit is a receptor tyrosine kinase (RTK) belonging to the PDGF receptor/CSF-1 receptor family. [1] [2] [3] Kit and its ligand, stem cell factor (SCF), play a fundamental role during the establishment and maintenance of the three stem cell populations: melanoblasts, hematopoietic stem cells and germ cells. Genes encoding Kit and SCF are mapped to the white spotting (W) and steel (Sl) loci in mice, respectively. [4] [5] [6] [7] [8] Both mutant mice of W and Sl loci show similar phenotypes such as severe macrocytic anemia, a decreased number of mast cells, a complete lack of coat pigmentation and infertility. 9 Further, many alleles of variable severity at both W and Sl loci have been identified. 10 For example, W v mutant mice with the C57BL/6 background have a point mutation in the cytoplasmic region of Kit, resulting in no coat pigmentation, severe anemia, a deficiency of mast cells and infertility in homozygotes (W v /W v ). 11, 12 In reproductive organs, Kit plays essential roles in spermatogenesis and oogenesis. 10 In the testes, Kit receptor expression is restricted to differentiating type A to type B spermatogonia, primary spermatocytes and Leydig cells. [13] [14] [15] [16] In particular, type A spermatogonia cells express a maximal amount of Kit at both the transcript and protein level, followed by type B spermatogonia. 13, 17, 18 Therefore, the germ cells of the homozygous W mutant mice are impossible to develop and degenerate accompanied by apoptosis leading to infertility owing to a lack of Kit signals. 18 In the ovaries, Kit is expressed on not only primordial and growing oocytes throughout the development of follicles but also on interstitial theca cells. 13, 18 In the ovaries of W mice, oogenesis completely fails because of defects of Kit signals resulting in no follicles and oocytes. 10 Members of the RTK family play essential roles in the proliferation, differentiation, migration and survival of various cells. 19 Kit as well as other RTKs interacts with several intracellular signal transducers including PI3-kinase, JAK2, STAT1, src-related kinases, SH2-containing tyrosine phosphatases and adaptor proteins such as SOCS1, Shc, GRB2 and GRB7. These signal transducers function in various cellular processes by activating target molecules including PKC, Akt and MAP kinases such as ERK and JNK. 20 Kit is strongly suggested to be indispensable for not only a mitogenic response but also an antiapoptotic response.
Fas is a cell surface receptor belonging to the death receptor family, along with tumor necrosis factor receptor type1 (TNF-R1) and TRAIL receptors. 21 Fas can induce cell death in a variety of tumors and lymphocytes by ligation with Fas ligand or an agonistic anti-Fas monoclonal antibody (mAb). [22] [23] [24] [25] While the physiological role of Fas has been well studied in the immune system, [26] [27] [28] [29] Fas mRNA is expressed at high levels in not only the thymus and spleen, but also the liver, heart, lungs and ovaries of mice. 26, 30 Therefore, it could be that Fas acts in the physiological deletion of potentially harmful or unnecessary cells in these tissues. 28 In female gonads, we and others demonstrated that Fas is expressed on granulosa cells of various follicles and luteal cells. [31] [32] [33] [34] [35] [36] [37] [38] A few reports showed Fas expression on oocytes, but we have not been able to confirm this. 32, 38, 39 The expression on granulosa and luteal cells suggests that Fas is involved in follicular atresia and luteolysis for the gonadal homeostasis of adult mice. In male gonads, Fas and Fas ligand are detected in the testes, but their function is still unclear. As Fas-deficient mice showed no abnormality in the testes, 40 it was thought that Fas is not essential in germ cell homeostasis. However, recent reports insisted on the involvement of Fas in the physiological death of germ cells. [41] [42] [43] In addition, Fas expression was shown to increase in the testes after drug treatment, ischemia-reperfusion or heat shock. [44] [45] [46] [47] In these damaged testes, Fas may play a role as a regulator of pathological germ cell death, although this has not been clearly determined.
To investigate the relation between Kit-mediated survival signals and Fas-mediated apoptotic signals in gonads, we generated double-mutant mice by intercrossing Kit-deficient W v mutant mice with Fas knockout mice. Our study clearly demonstrated that a defect of Kit signaling leads to activation of a Fas-mediated apoptotic signal in both spermatogenesis and oogenesis, and Fas is involved in germ cell loss in Kit signaling-deficient mice. Moreover, our findings provide new evidence of crosstalk of signals via Kit and Fas, indicating that Kit-induced signals negatively regulate Fas expression in the gonads.
Results

Analysis of double-mutant mice
In the gonads of Kit-deficient W mutant mice, the degeneration of testicular germ cells and oocytes was reported to be accompanied by cell death. 10 We investigated whether Fas is involved in these events because we and other groups previously showed the expression of Fas in both male and female gonads. [31] [32] [33] [34] [35] [36] [37] [38] 41, [43] [44] [45] [46] (Figure 2c,f) . Thus, Kit deficiency affected the gametogenesis of female gonads more than male gonads in younger mice, and inactivation of Fas resulted in the diminution of the degeneration of oocytes and follicles in the Kit-deficient ovaries. Results for ovaries are summarized in Figure 1 . Almost all tubules of a testis were examined for counting by analyzing five cross-sections/testis We next examined the effects of Fas deficiency on the degeneration of testicular germ cells in another mouse system with suppressed Kit signals. We artificially blocked the Kit signaling pathway through injection of an antagonistic anti-ckit mAb ACK2 into wild-type C57BL/6 and Fas-deficient mice.
We analyzed the population of testicular germ cells from both mice after injection of ACK2. It has been demonstrated that differentiating spermatogonia and early preleptotene spermatocytes expressing Kit degenerated after injection of ACK2 which can block the function of Kit. 18 We examined the testes of the antibody-treated animals by an immunohistochemical method with an anti-germ cell-specific mAb, TRA98, and stained another serial section with Hoechst ( Figure 3 Figure 3 Immunohistochemistry of testes from ACK2-injected adult mice. Frozen sections were prepared from testes of wild-type C57BL/6 mice (a,c) and
, to which anti-c-kit mAb ACK2 was administered 48 h earlier, as described in Materials and Methods. The section was then stained with the germ cell-specific mAb TRA98 (a,b), and another serial section was stained with Hoechst (c,d). Experiments were repeated five times using different mice and the data presented show representative results. Photographs were taken under a phase-contrast microscope at Â 160. Arrows and arrowheads show spermatogonia and differentiated haploid spermatids, respectively. Scale bars correspond to 25 mm Figure 4 Northern blot analysis of Fas transcripts in testes. Northern blotting was carried out with total RNA isolated from testes of 5-to 6-week-old wild-type C57BL/6 and W v /W v mutant mice as described in Materials and Methods using 32 P-labeled mouse Fas (upper panel) and human EF1-a (lower panel) cDNAs as DNA probes. To clearly distinguish expression levels of Fas between SCF-dependent and -independent spermatogonia, we carried out flow cytometric analyses by triple staining with EE2, ACK2 and Jo-2. Figure 5c shows 
SCF downregulates Fas expression on Kitexpressing NIH3T3 cells
To confirm the downregulation of Fas by Kit-induced signals, we examined the effects of SCF on Kit-expressing cells in vitro. We transfected c-kit cDNA into NIH3T3 cells and established several Kit-positive stable clones. Then, we analyzed the expression of Fas on these clones by flow cytometry after treatment with 10 mg/ml of mouse recombinant SCF for 48 h. A significant decrease of Fas was detected on the Kit-expressing stable clone NIH-K11 but not parental NIH3T3 cells after treatment with SCF (Figure 6a,b) . The other Kit-positive stable clones showed essentially similar characteristics to those of NIH-K11 cells (data not shown). These results directly show that the Kit signal induces the downregulation of Fas.
We then examined which downstream signal of Kit plays a role in the downregulation of Fas expression. Since the downregulation was speculated to be induced by survival signals mediated through Kit, we focused on two signaling pathways downstream of Kit, PI3K/Akt and Ras/MEK/ERK. Activation of the Ras/MEK/ERK pathway was reported to inhibit Fas-mediated apoptosis, 50 while activation of PI3K/Akt pathway was suggested to suppress the expression level of cell surface Fas. 48 In addition, Kit-mediated activation of the PI3K/Akt pathway was demonstrated to be significant in gametogenesis. 51, 52 We analyzed the effects of two kinds of inhibitors that specifically prevent Kit-mediated signaling: the PI3K-specific inhibitor wortmannin and the MEK1/2-specific inhibitor U0126. These inhibitors were added to the culture medium of NIH-K11 cells together with SCF and Fas expression was examined 48 h later with a flow cytometer (Figure 6c and d) . Downregulation of Fas was suppressed by the treatment with wortmannin, while U0126 showed no significant effect. Similar results were obtained with the PI3K inhibitor LY294002 and MEK1 inhibitor PD98059 (data not shown). Thus, PI3K inhibitors but not MEK inhibitors blocked the downregulation of Fas by SCF.
To biochemically detect the activation of downstream signaling molecules of Kit, which was inhibited by wortmannin Taking these results together, we conclude that stimulation of the Kit receptor downregulates Fas expression by activating the PI3K/Akt pathway in not only exogenous Kit-expressing fibroblasts in vitro but also germ cells in gonads in vivo.
Discussion
In this study, we demonstrated that a failure of Kit sperm counts were less than 7% of those in wild-type mice. Inactivation of p53 may not be sufficient to rescue germ cell degeneration induced by a failure of Kit signaling. We suppose that both Fas and p53 work cooperatively as an executioner in germ cell death. Our hypothesis is supported by a previous report describing that Fas was responsible for the p53-independent germ cell apoptosis in response to heat stress in lpr/lpr:p53 À/À double-mutant mice. 54 Thus, both Fasand p53-dependent signaling pathways play a role in the apoptosis of germ cells.
Interestingly, a deficiency of p53 did not rescue oocytes of W v /W v mice from degeneration. 53 In contrast, our W v / W v :Fas À/À mice displayed an apparently normal oogenesis and folliculogenesis even though the Kit signaling was defective (Figure 2 +/+ mice, suggesting that inactivation of Fas has no significant effect on the survival of melanocytes. Thus, the downregulation of Fas expression by Kit-mediated signals is suggested to be a cell type-specific event. This might explain the moderate level of SCF-induced downregulation of Fas in Kit-expressing fibroblasts ( Figure 6) .
In this study, we demonstrated the existence of crosstalk between Fas-mediated apoptotic signals and Kit-mediated survival signals. In vivo, Fas expression was upregulated on Kit-deficient W v spermatogonia ( Figure 5 ). On 4-week-old W v spermatogonia, which soon undergo apoptosis, the expression of Fas is strong, while on 2-week-old W v spermatogonia, which survive for some time, it is negligible. In addition, we also showed that Fas is downregulated in vitro on stimulation with SCF in Kit-expressing NIH3T3 cells ( Figure 6 ). Our in vitro analyses with inhibitors for PI3K or transfectants expressing caAkt clearly verified the correlation between the activation of Akt and downregulation of Fas expression (Figures 6-8 ). The significance of the Kitmediated PI3K/Akt signaling pathway in gametogenesis was previously demonstrated by analyzing mutant Kit knockin mice. 51, 52 These mutant mice, expressing mutated Kit at Tyr719 which cannot interact with the p85 subunit of PI3K, were shown to be defective in spermatogenesis and oogenesis but not in hematopoiesis and melanogenesis. These results coincided well with our results in this study. In addition, Akt1-deficient mice were recently generated and showed a similar phenotype to that observed in the knockin mice of the Kit mutant. 58 Thus, the PI3K/Akt signaling pathway via Kit is essential for the survival of testicular germ cells and oocytes, which suppresses Fas-mediated apoptotic signaling by downregulating the expression of Fas in the gonads.
In this study, we demonstrated that Fas expression is downregulated via the activation of PI3K/Akt signaling. This result coincided with a previous report indicating downregulation of Fas on the activation of Ras/PI3K/Akt in NIH3T3 cells. 48 However, several lines of evidence indicated that the PI3K/Akt signaling pathway negatively controls apoptosis by regulating multiple signaling molecules. By inactivating a forkhead transcription factor, FKHRL-1, Akt was reported to downregulate Fas ligand and upregulate expression of c-FLIP, which is known as an antiapoptotic molecule against Fas-induced apoptosis. 59, 60 As we have not shown the regulation of these target molecules by activated PI3K/Akt in this study, it is necessary to clarify them with further studies.
We used NIH3T3 cells to investigate the downregulation of Fas by Kit-mediated and caAkt-induced signals (Figures 6  and 8) . Further, Ras and its downstream molecule PI3K were reported to downregulate Fas expression, although activation of Akt was not shown. 48 However, we could not detect a noticeable reduction of endogenous Fas expression on Balb3T3 cells expressing caAkt as described in a previous report, where we showed that Fas-mediated apoptosis was strongly inhibited by treatment with basic FGF, a ligand for another RTK, through inhibiting intracellular signals via Fas by activation of ERK. 50 These results indicate that inhibitory mechanisms for Fas-mediated apoptosis are regulated by multiple signaling molecules including Akt and ERK, which affect not only the Fas expression level but also the intracellular signaling pathway via Fas. Kit-mediated signals might inhibit Fas-mediated apoptosis both in vivo and in vitro by not only suppressing Fas expression but also blocking the intracellular signaling pathway via Fas.
In this study, we revealed the negative regulation of Fasmediated signaling by survival signals induced by Kit/SCF through in vivo and in vitro analyses of W v mutant mice and fibroblasts, respectively. Our results provide a clue to the relation between various survival signals and death signals.
Materials and Methods
Materials and antibodies
The nylon membrane Hybond-N was purchased from Amersham Bioscience, PI3K inhibitors wortmannin and LY294002 from SIGMA and Cell Signaling, respectively, the MEK1/2 inhibitor U0126 and MEK1 inhibitor PD98059 from Cell Signaling and the polyvinylidene difluoride (PVDF) membrane Immobilon from Millipore.
Monoclonal antibodies EE2 49 and TRA98 
:Fas
À/À mice were generated by intercrossing heterozygous W v /+ mutant mice (SLC, Shizuoka, Japan) with Fas-deficient mice 63 having the same C57B/6 background. A Fas-deficient C57B/6 background was generated by backcrossing seven times with C57B/6 mice. The genotype of the Fas mutants was identified by PCR assay with DNA isolated from tails. The W v mutation was distinguished by coat color. For the dissection of reproductive organs, mice were killed using carbon dioxide gas.
Histological analysis
Testes and ovaries dissected from mice were fixed overnight in Bouin's solution, embedded in paraffin after dehydration, and cut at 5 mm. Sections were stained with hematoxylin and eosin according to standard procedures.
Administration of anti-c-kit mAb ACK2
To block c-kit function, 100 mg/mouse of purified anti-c-kit mAb ACK2 was intravenously injected into adult (8-to 12-week-old) mice as described previously. 18 For a control, the same volume of phosphate-buffered saline (PBS) was injected.
Immunohistochemistry
Dissected testes were embedded in an O.C.T compound (Tissue-Tec, Sakura, Tokyo, Japan), frozen quickly in liquid nitrogen, and sectioned at 8 mm with a cryostat (Carl Zeiss). Sections were fixed for 30 min in PBS containing 4% paraformaldehyde at room temperature, and then stained with the germ cell-specific mAb TRA98 as follows. The sections were preincubated in PBS containing 1% goat serum for 1 h, and then incubated with TRA98 in PBS containing 3% skimmed milk and 0.1% Tween 20 (PBS-MT) at room temperature for 1 h. After three washes with PBS containing 0.1% Tween 20 (PBS-T), the sections were incubated with HRP-conjugated anti-Rat IgG (1:1000) in PBS-MT for 2 h. After three more washes with PBS-T, samples were developed using a metal-enhanced diaminobendizine (DAB) substrate kit (PIERCE).
Northern blot analysis
Cellular total RNA was prepared from testes of C57BL/6 and W v /W v mutant mice using ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. Total RNA (20 mg) was loaded on formaldehyde-agarose gel for electrophoresis and transferred to nylon membrane. DNA probes for mouse Fas and EF1-a were labeled with [a-32 P] dCTP (specific activity >3000 Ci/mmol, ICN) using an RTG-DNA labeling kit (Amersham Bioscience) with full-length mouse Fas cDNA 26 and full-length EF1-a cDNA, 64 respectively, and purified using a NICK Column (Pharmacia Biotech) according to the manufacturer's instructions. The membrane was hybridized with probes using PerfectHyb Hybridization Solution (TOYOBO, Osaka, Japan) at 681C overnight, and washed with 2 Â SSC/0.1% SDS for 5 min twice at 681C and then 0.1 Â SSC/ 0.1% SDS for 30 min twice at 681C. The membrane was developed by placing it in contact with X-ray film. mice were cut into small pieces with a razor blade and pipetted several times in PBS to isolate testicular cells, and the testicular single-cell suspension was collected through a nylon mesh. Aliquots of 1 Â 10 6 cells were incubated for 1 h at 41C with or without 1 mg of FITC-conjugated antiFas mAb Jo-2 in flow cytometric buffer (PBS containing 5% FCS and 0.04% sodium azide). In the case of double staining with both EE2 and Jo-2 or triple staining with EE2, ACK2 and Jo-2, cells were initially incubated with an EE2 mAb for 1 h at 41C, then with a biotin-conjugate anti-rat k+l light chain mAb for 30 min. After blocking with rat IgG for 30 min, cells were finally incubated with PE-conjugated avidin and FITC-conjugated Jo-2 or APC-conjugated avidin, PE-conjugated ACK2 and FITC-conjugated Jo-2 for 1 h. NIH3T3 and its derivative NIH-K11 were stimulated with mouse recombinant SCF (Calbiochem) with or without wortmannin, LY294002, U0126 or PD98059 for 48 h. Cells were then scraped with a rubber policeman and stained with Jo-2 as described above. All the samples, rinsed with flow cytometric buffer twice and fixed with PBS containing 3.5% formaldehyde, were analyzed by flow cytometry on an EPICS Elite (Beckman Coulter).
Flow cytometric analysis
Establishment of stable transfectants
Mouse c-kit cDNA subcloned into the vector pcDNA3 (Invitrogen) was provided by Drs. Ueda and Kanakura (Osaka University) and was introduced into NIH3T3 cells using Lipofectamin Plus reagent (Invitrogen). After selection with G418 and subsequent cloning, clones stably expressing Kit were established.
Western blot analysis
Total cell lysates of NIH3T3 cells and transfectants were separated by SDS-PAGE and transferred to PVDF membranes. Then, the membranes were immersed in Tris-buffered saline (pH 7.6) with 0.1% Tween 20 (TBS-T), 5% skimmed milk and 2% FCS at room temperature for 1 h and incubated with the primary antibodies at room temperature for 1 h. The membranes were washed with TBS-T three times, and incubated with the secondary antibodies at room temperature for 1 h. Specific signals were detected using the enhanced Western Lightning (PerkinElmer Life Science) detection system on X-ray film.
